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Edited by Christian GriesingerAbstract The reﬁnement of protein structures determined by
nuclear magnetic resonance spectroscopy against database
potentials of mean force allows for the exclusion of unfavourable
conformations of the protein backbone during a structure calcu-
lation, resulting in protein structures with a marked improvement
in Ramachandran statistics. In this communication, we use mul-
tiple sets of residual dipolar couplings as quality assessment cri-
teria for several proteins and show that not only do the
Ramachandran and structural quality statistics improve, but a
signiﬁcant improvement in the accuracy of structures is achieved
upon reﬁnement.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The use of empirically derived potentials of mean force dur-
ing simulated annealing algorithms for the determination of
protein structures is well established [1–3]. What is considered
questionable, however, is the validity of using these potentials
to obtain true improvement in the accuracy of structures as
well as the stereochemical properties. In the case of reﬁnement
against carbon chemical shifts, the direct correlation between
an experimentally measured observable (the 13Ca and 13Cb
chemical shifts) and backbone phi (/) and psi (w) angles adds
some intuitive legitimacy to the use of a derived potential.
Reﬁnement using an empirically derived conformational data-
base potential for backbone (/ and w) and sidechain (v1 and v2
for example) angles, based on a set of high resolution crystal
structures, however, makes many nuclear magnetic resonance
(NMR) spectroscopists uncomfortable.
The calculation of protein structures from solution NMR
data commonly involves a combination of high temperature
dynamics and simulated annealing, in either torsion angle
space or Cartesian space. The minimisation of a number of en-
ergy terms describing geometry and NMR observables is usedAbbreviations: NMR, nuclear magnetic resonance; RDCs, residual
dipolar couplings; Rdip, dipolar R-factor
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tion restraints. The introduction of a database potential energy
term allows for the conformational sampling achieved in cur-
rent protocols to be biased away from rotamer populations
(both backbone and sidechain) that are almost never observed
in high quality structures. In the absence of such a potential a
structure can ﬁnd it diﬃcult to locate global minima for tor-
sion angles and become trapped in positions of local minima,
which are consistent with the restraining data but physically
unrealisable and/or energetically unfavourable. Identiﬁcation
of these unfavourable conformations is routinely achieved
using independent quality checking programs such as PRO-
CHECK [4] and WHATIF [5–7], which can assess protein
structures and yield Z-scores and Ramachandran statistics.
Residual dipolar couplings (RDCs) are now commonly used
to assess the accuracy of protein structures determined by both
NMR and X-ray crystallography. The ﬁt of measured RDCs
to a structure is often expressed in terms of a free dipolar
R-factor (Rdip) [8] or quality Q-factor (Q) [9]. Rdip is expressed
as:
Rdip ¼ 100½ðDobs  DcalcÞ21=2=½2D2að4þ 3g2Þ=51=2; ð1Þ
where Dobs are the observed RDCs and Dcalc are the back-
calculated dipolar couplings for a structure determined with-
out RDCs. Da is the axial component of the alignment tensor
and g is the rhombicity. Rdip scales from 0% to 100%, where
0% represents perfect agreement between the observed RDCs
and those back-calculated from the structure, whereas an Rdip
of 100% is indicative of no correlation between the determined
structure and the RDC experimental data. This Rdip diﬀers
from the Q-factor introduced by Bax and co-workers by a
factor of
p
2 [8,9].
Utilising Rdip, it is possible to evaluate the impact of energy
terms introduced during simulated annealing and obtain a
quantitative assessment of accuracy [8,10]. Recent work has
shown that the usually poor stereochemical properties of pro-
tein structures solved by NMR can be improved by additional
reﬁnement in explicit solvent [11,12]. These protocols do not
introduce an energy term based on databases of high-resolu-
tion protein structures but use force ﬁeld parameters derived
from small molecules [13]. Using this strategy a database of
re-calculated structures, the RECOORD database, has been
constructed [14]. In this communication, the validity of apply-
ing the Ramachandran database potential of mean force
during simulated annealing in the program Xplor-NIH [15]
is investigated and its performance compared with currently
used water-reﬁnement protocols. The signiﬁcant reduction ination of European Biochemical Societies.
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indicates that its use is not merely cosmetic. The accuracy of
the coordinates of the protein backbone is improved signiﬁ-
cantly and indeed comparably when structures are either reﬁ-
ned using the Ramachandran database potential or subjected
to further water-reﬁnement.2. Materials and methods
2.1. NMR sample preparation
The FYVE domain of LM5-1 from Leishmania major was overex-
pressed in Escherichia coli BL21(DE3) cells as a fusion protein of
GST. Uniformly 15N and 13C labelled LM5-1 was obtained from
fermentation of cells in a modiﬁed M9 medium (1 L) using 15NH4Cl
and 13C-enriched glucose as the sole nitrogen and carbon sources,
respectively [16]. Each 400 ll NMR sample contained 0.7 mM LM5-
1 protein in 50 mM KH2PO4/K2HPO4, pH 7.3, 50 mM KCl, 5 mM
DTT, 2% (w/v) NaN3, and 5% (v/v) D2O. PF1 ﬁlamentous phage
was prepared in-house by standard procedures [17] and added to a
ﬁnal concentration of 10 mg/ml for the aligned samples. Alignment
of PF1 in the magnetic ﬁeld was tested by monitoring the observed
quadrupolar splitting of the solvent 2H signal.
2.2. NMR spectroscopy
NMR spectra of the FYVE domain of LM5-1 were collected at 20 C
on a Varian Inova 600 MHz spectrometer, using a 5 mm 1H, 13C, 15N
single z-axis gradient probe. N–HN, N–C 0, HN–C 0, Ca–C 0 and Ca–Ha
RDCs were obtained from the diﬀerence in splittings between theTable 1
Structure accuracy and quality check for ubiquitin
RAMA
Accuracy analysis
Rdip (%)
Ca–C (1) 17.69 ± 1.61
Ca–C (2) 15.03 ± 1.71
N–C (1) 20.72 ± 1.43
N–C (2) 25.73 ± 1.49
Ha–Ca (1) 16.93 ± 1.09
Ha–Ca (2) 19.13 ± 1.65
HN–C (1) 20.01 ± 1.21
HN–C (2) 27.47 ± 0.72
HN–N (1) 28.67 ± 1.96
HN–N (2) 25.91 ± 2.79
All (1) 22.42 ± 1.25
All (2) 23.70 ± 1.34
WHATIF Z-scores
Second generation packing quality 1.0 ± 0.3
Ramachandran plot appearance 0.1 ± 0.1
v1/v2 Rotamer normality 0.7 ± 0.1
Backbone conformation 1.5 ± 0.2
PROCHECK results (%)
Most favoured regions 91 ± 1.5
Allowed regions 7.7 ± 1.9
Generously allowed regions 1.3 ± 0.9
Disallowed regions 0.1 ± 0.3
Precision NMR ensemble
Backbone RMSD (A˚) 0.78 ± 0.19
Well-ordered RMSD (A˚)b 0.17 ± 0.04
Backbone RMSD to RAMA (A˚) n/a
Well-ordered RMSD to RAMA (A˚) n/a
Backbone RMSD to 1UBQ (A˚) 1.15
Well-ordered RMSD to 1UBQ (A˚) 0.52
aDIH = dihedral angle energy term.
bResidues 1–70.aligned and isotropic states. 1DNH values were extracted from 2D
[15N,1H]-HSQC TROSY spectra [18] recorded with acquisition times
of 171 ms (15N) and 71 ms (1H) as two interleaved data matrices, each
consisting of 256 · 512 complex points. 1DNC0 and 2DHNC0 values were
obtained from 2D spin-state selective HN(a/b-NC 0-J)-TROSY spectra
[19], recorded with acquisition times of 171 ms (15N) and 142 ms (1H) as
two interleaved data matrices (256 · 1024 complex points). 1DCaC0 val-
ues were extracted from 2D HN(CO-a/b-C 0Ca-J)-TROSY spectra [19],
recorded with acquisition times of 64 ms (15N) and 142 ms (1H) as two
interleaved data matrices (256 · 1024 complex points). 1DCaHa values
were obtained from 3D HN(CO)CA spectra recorded with Cb decou-
pling and without 1H decoupling in the F1 dimension, using acquisition
times of 21 ms (13Ca), 24 ms (15N) and 71 ms (1H) and data matrices of
64 · 22 · 512 complex points. NMR data was processed using Lorentz-
ian-to-Gaussian ﬁltering functions applied in both dimensions for 2D
spectra, and a Lorentzian-to-Gaussian ﬁltering function applied in
the direct dimension for the 3D HN(CO)CA spectra, and squared
sine-bell functions shifted by 90 and truncated at 176 for the indirect
dimensions. The 2D data sets were zero ﬁlled to 2048 (t1) and 4096 (t2)
data points, and the 3D data set zero ﬁlled to 128 (t1), 128 (t2) and 1024
(t3) data points. Errors in the measurement of dipolar couplings were
estimated from the ratio of line-width to signal-to-noise (with the addi-
tion of errors from each contributing peak) at 0.5 Hz for N–HN, 0.2 Hz
for N–C 0, 0.5 Hz for HN–C 0, 0.2 Hz for Ca–C 0 and 2.5 Hz for Ca–Ha
couplings. Spectra were processed using the program NMRPipe [20]
and analysed with SPARKY 3 [21].
2.3. Structure calculations
Structures were calculated with Xplor-NIH [15], using a simulated
annealing protocol with dynamics in both torsion angle and Cartesian
space [22,23]. Brieﬂy, regularised extended starting structures were+RAMA Water-reﬁnementa
DIH +DIH
16.91 ± 0.72 14.67 ± 1.21 14.49 ± 1.19
13.25 ± 0.78 13.08 ± 1.66 13.02 ± 1.51
16.49 ± 0.93 13.15 ± 1.74 13.47 ± 2.54
16.80 ± 0.80 14.60 ± 1.62 13.92 ± 1.77
15.54 ± 1.03 16.63 ± 1.74 16.00 ± 1.73
18.70 ± 0.84 19.79 ± 2.16 19.65 ± 1.64
20.80 ± 0.80 18.35 ± 1.17 18.02 ± 1.30
26.50 ± 0.81 23.06 ± 2.37 22.97 ± 2.37
15.07 ± 0.69 15.79 ± 3.24 13.87 ± 2.21
17.21 ± 0.76 16.20 ± 1.87 16.15 ± 1.96
18.05 ± 0.70 16.97 ± 1.05 16.36 ± 1.11
18.98 ± 0.59 17.62 ± 1.42 17.41 ± 1.31
0.3 ± 0.2 0.2 ± 0.3 0.1 ± 0.3
0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1
0.1 ± 0.1 0.7 ± 0.1 0.5 ± 0.1
2.1 ± 0.2 2.0 ± 0.2 2.0 ± 0.2
95.3 ± 0.6 92.8 ± 2.1 92.9 ± 1.9
3.2 ± 0.5 7.1 ± 2.1 6.9 ± 2.1
1.6 ± 0.0 0.0 0.0
0.0 0.1 ± 0.3 0.2 ± 0.5
0.48 ± 0.13 0.85 ± 0.23 0.80 ± 0.24
0.19 ± 0.04 0.29 ± 0.06 0.24 ± 0.04
0.51 0.40 0.42
0.31 0.34 0.35
0.98 1.05 0.94
0.56 0.41 0.42
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perature dynamics (50000 K) then cooled to 2000 K in 10000 steps (15
fs), in torsion angle space. Additional cooling to 0 K over 10000 steps
(5 fs) in Cartesian space was then conducted, followed by a ﬁnal period
of Powell minimisation. The ﬁnal force constants for distance and
torsion angle restraints were 30 kcal mol1 and 200 kcal mol1, respec-
tively, and a ﬁnal force constant of 1.0 kcal mol1 used for structures
determined using the Ramachandran database potential of mean force.
The vdW radii for the quartic vdW repulsion term were set at 0.78
times the CHARMM PARAM 19/20 values. 100 trial structures of
each protein were calculated and an ensemble of the 20 best structures
with lowest NOE and dihedral angle violations chosen to represent the
ﬁnal structures (no NOE violation greater than 0.5 A˚, no dihedral
angle violation greater than 5). Using this protocol, with or without
the Ramachandran database, a single structure of ubiquitin takes
10 min to calculate (AMD Athlon XP 2400+, on Mandrake Linux
10.1). The representative ensemble of 20 structures determined without
using the Ramachandran database potential of mean force was reﬁned
in a thin layer of explicit solvent as described by Linge et al. [12] using
scripts written for Xplor-NIH. The PARALLHDG 5.3 force ﬁeld was
used in the reﬁnement, with the dihedral angle force ﬁeld term both
included and excluded in separate calculations. The reﬁnement of each
structure of ubiquitin takes four minutes to calculate.
Experimental data sets containing distance and torsion angle res-
traints, and RDCs for Ubiquitin [9], the DNA damage inducible
protein 1 (DinI) [24], the cytoplasmic B Domain of the Mannitol
Transporter II-Mannitol-speciﬁc permease enzyme II (EIIB) [25],
and the C-terminal KH domain of the heterogeneous nuclear ribonu-
cleoprotein K (KH3) [26] were obtained from the PDB (AccessionTable 2
Structure accuracy and quality check for DinI
RAMA
Accuracy analysis
Rdip (%)
Ca–C (1) 34.56 ± 1.63
Ca–C (2) 32.98 ± 2.09
N–C (1) 54.89 ± 1.44
N–C (2) 42.88 ± 3.17
Ha–Ca (1) 36.86 ± 2.89
Ha–Ca (2) 44.06 ± 2.60
HN–C (1) 36.95 ± 3.24
HN–C (2) 44.29 ± 3.39
HN–N (1) 38.28 ± 2.99
HN–N (2) 39.05 ± 2.22
All (1) 34.56 ± 1.63
All (2) 32.98 ± 2.09
WHATIF Z-scores
2nd Generation packing quality 3.1 ± 0.4
Ramachandran plot appearance 0.8 ± 0.1
v1/v2 Rotamer normality 0.8 + 0.1
Backbone conformation 1.5 ± 0.7
PROCHECK results (%)
Most favoured regions 71.3 ± 4.1
Allowed regions 26.4 ± 3.9
Generously allowed regions 2.2 ± 1.3
Disallowed regions 0.1 ± 0.3
Precision NMR ensemble
Backbone RMSD (A˚) 0.55 ± 0.10
Well-ordered RMSD (A˚)b 0.44 ± 0.06
Backbone RMSD to RAMA (A˚) n/a
Well-ordered RMSD to RAMA (A˚) n/a
Backbone RMSD to 1GHH (A˚) 0.84
Well-ordered RMSD to 1GHH (A˚) 0.79
aDIH = dihedral angle energy term.
bResidues 2–78.Nos.: 1D3Z, 1GHH, 1VKR and 1KHM, respectively). The LM5-1
FYVE domain structure has been deposited at the PDB Accession
No. 1Z2Q.
2.4. Fitting of measured dipolar couplings to structures
Dipolar couplings were ﬁt to calculated structures using singular va-
lue decomposition (SVD) [27] in the program PALES [28]. The Q-fac-
tors obtained from PALES were converted to Rdip by dividing the Q-
factor value by
p
2. Signiﬁcant improvements in the ﬁt of RDCs to
structures calculated with and without database potentials were as-
sessed using a two-tailed unpaired t-test. An alpha-critical value of
0.05 was used and unequal variances in the compared data sets assumed.
2.5. Structure validation
Assessment of the quality of calculated structures was made using
the program PROCHECK [4] and the WHATIF server (http://swift.
cmbi.kun.nl/WIWWWI/) [7,29]. Z-scores were determined for the
packing quality, Ramachandran plot appearance, v1–v2 rotamer nor-
mality and the backbone conformation, showing the number of stan-
dard deviations from the database average for each parameter. A
positive increase in the Z-score was regarded as an improvement in
quality [11,12]. For completeness the precision of structure ensembles
and the positional backbone RMSD between the average coordinates
of each ensemble were calculated using MOLMOL [30]. Where avail-
able re-calculated coordinates were compared to a reference structure
from the PDB: 1UBQ (X-ray) for ubiquitin, 1GHH (NMR, RDC re-
ﬁned) for DinI, 1VKR (NMR, RDC reﬁned) for EIIB and 1KHM
(NMR, RDC reﬁned) for KH3.+RAMA Water-reﬁnementa
DIH +DIH
32.83 ± 1.91 31.72 ± 1.75 30.50 ± 1.62
29.04 ± 1.32 28.46 ± 1.99 28.13 ± 2.03
47.24 ± 1.80 53.81 ± 1.52 53.63 ± 1.77
37.34 ± 3.35 40.16 ± 4.68 37.00 ± 3.33
34.97 ± 2.94 32.21 ± 3.62 31.16 ± 3.06
35.46 ± 2.76 37.90 ± 3.93 36.13 ± 5.28
21.14 ± 1.39 28.35 ± 4.10 26.97 ± 3.80
38.47 ± 2.11 40.92 ± 2.97 38.06 ± 2.99
23.97 ± 1.22 30.60 ± 3.66 29.28 ± 3.28
35.45 ± 1.72 34.80 ± 2.29 33.17 ± 1.99
32.83 ± 1.91 31.72 ± 1.75 30.50 ± 1.62
29.04 ± 1.32 28.46 ± 1.99 28.13 ± 2.03
0.4 ± 0.4 0.4 ± 0.3 0.1 ± 0.3
0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
0.1 ± 0.1 0.9 ± 0.1 0.6 ± 0.1
1.3 ± 0.2 0.6 ± 0.4 0.6 ± 0.4
95.5 ± 1.5 88.2 ± 2.7 87.9 ± 2.1
4.5 ± 1.5 10.8 ± 2.8 11.9 ± 2.0
0.0 0.8 ± 0.8 0.2 ± 0.5
0.0 0.3 ± 0.7 0.0
0.51 ± 0.12 0.69 ± 0.16 0.70 ± 0.12
0.43 ± 0.10 0.49 ± 0.15 0.58 ± 0.11
0.69 0.64 0.58
0.70 0.62 0.57
0.87 0.93 0.82
0.81 0.87 0.77
Table 3
Structure accuracy and quality check for EIIB
RAMA +RAMA Water-reﬁnementa
DIH +DIH
Accuracy analysis
Rdip (%)
N–C 48.75 ± 3.48 39.66 ± 3.80 43.29 ± 5.59 42.55 ± 5.22
HN–C 54.54 ± 3.98 39.92 ± 2.84 45.51 ± 4.29 45.31 ± 4.78
HN–N 45.07 ± 3.23 35.74 ± 3.31 34.12 ± 3.18 34.06 ± 3.18
All 50.82 ± 2.74 39.93 ± 2.10 41.68 ± 3.79 41.57 ± 3.77
WHATIF Z-scores
Second generation packing quality 4.0 ± 0.4 1.2 ± 0.4 1.2 ± 0.3 1.1 ± 0.4
Ramachandran plot appearance 0.9 ± 0.1 0.1 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
v1/v2 Rotamer normality 0.5 ± 0.1 0.3 ± 0.1 0.7 ± 0.1 0.5 ± 0.1
Backbone conformation 2.3 ± 0.7 0.3 ± 0.5 0.6 ± 0.5 0.6 ± 0.7
PROCHECK results (%)
Most favoured regions 62.2 ± 3.7 91.6 ± 1.8 80.1 ± 3.2 82.3 ± 3.8
Allowed regions 32.7 ± 4.0 7.6 ± 1.9 17.8 ± 2.8 15.8 ± 3.6
Generously allowed regions 4.2 ± 1.1 0.7 ± 0.7 1.3 ± 1.3 1.1 ± 1.1
Disallowed regions 0.9 ± 0.8 0.1 ± 0.4 0.8 ± 0.8 0.8 ± 0.8
Precision NMR ensemble
Backbone RMSD (A˚) 0.87 ± 0.10 0.71 ± 0.10 0.96 ± 0.17 0.95 ± 0.10
Well-ordered RMSD (A˚)b 0.87 ± 0.10 0.71 ± 0.10 0.96 ± 0.17 0.95 ± 0.10
Backbone RMSD to RAMA (A˚) n/a 0.70 0.70 0.66
Well-ordered RMSD to RAMA (A˚) n/a 0.70 0.70 0.66
Backbone RMSD to 1VKR (A˚) 0.99 1.04 0.87 0.87
Well-ordered RMSD to 1VKR (A˚) 0.99 1.04 0.87 0.87
Only these residues are deposited at the PDB.
aDIH = dihedral angle energy term.
bResidues 375–471.
Table 4
Structure accuracy and quality check for KH3
RAMA +RAMA Water-reﬁnementa
DIH +DIH
Accuracy analysis
Rdip (%)
Ca–C 23.79 ± 1.64 20.06 ± 1.20 22.30 ± 2.91 21.40 ± 2.45
N–C 37.59 ± 4.52 24.11 ± 2.02 37.73 ± 3.98 37.07 ± 3.21
Ha–Ca 23.13 ± 1.54 22.00 ± 2.07 23.48 ± 2.06 22.19 ± 2.05
HN–N 37.19 ± 4.45 21.79 ± 1.86 28.94 ± 2.40 27.79 ± 3.04
All 35.08 ± 2.83 23.60 ± 1.22 31.74 ± 2.75 30.77 ± 2.20
WHATIF Z-scores
Second generation packing quality 2.9 ± 0.3 0.6 ± 0.4 1.2 ± 0.3 1.0 ± 0.3
Ramachandran plot appearance 0.7 ± 0.1 0.1 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
v1/v2 Rotamer normality 0.8 ± 0.1 0.1 ± 0.1 0.9 ± 0.1 0.6 ± 0.1
Backbone conformation 2.8 ± 0.6 1.6 ± 0.6 2.3 ± 0.9 2.0 ± 0.5
PROCHECK results (%)
Most favoured regions 74.6 ± 3.1 91.2 ± 1.5 85.3 ± 2.3 84.9 ± 3.2
Allowed regions 21.2 ± 2.8 65.0 ± 1.8 12.5 ± 2.7 13.0 ± 3.1
Generously allowed regions 4.0 ± 1.6 2.0 ± 1.1 1.5 ± 1.2 1.6 ± 1.5
Disallowed regions 0.3 ± 0.6 0.3 ± 0.7 0.8 ± 0.9 0.6 ± 0.7
Precision NMR ensemble
Backbone RMSD (A˚) 2.72 ± 0.51 2.24 ± 0.69 2.74 ± 0.55 2.68 ± 0.49
Well-ordered RMSD (A˚)b 0.33 ± 0.05 0.28 ± 0.07 0.45 ± 0.09 0.43 ± 0.08
Backbone RMSD to RAMA (A˚) n/a 1.21 0.90 0.81
Well-ordered RMSD to RAMA (A˚) n/a 0.50 0.47 0.43
Backbone RMSD to 1KHM (A˚) 1.38 1.20 1.66 1.60
Well-ordered Backbone RMSD to 1KHM (A˚) 0.59 0.44 0.69 0.63
aDIH = dihedral angle energy term.
bResidues 13–52, 58–81.
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3.1. Improvement of Ramachandran statistics
Tables 1–5 summarize the Ramachandran and structural
quality statistics for structures of ﬁve proteins calculated with
NOE and torsion angle data and either with or without the
Ramachandran database potential (RAMA). Typically, val-
ues of 60–75% occupancy of the most favoured region of
the Ramachandran plot are observed for the proteins stud-
ied. The exception is Ubiquitin (91%) which is probably
due to the large number of assigned NOEs available for this
small protein [9]. The most signiﬁcant improvement in the
Ramachandran statistics, however, are observed with the
inclusion of RAMA where all structures except LM5-1 show
values >90% (Table 5). Improvements to a lesser degree in
the Ramachandran statistics are also observed for the struc-
tures reﬁned in explicit solvent, both with the exclusion and
inclusion of the dihedral angle energy term (DIH) (Tables 1–
5). The WHATIF Z-scores for Ramachandran appearance
also indicate similar improvement in structure quality for
both RAMA and water-reﬁned structures, with a more posi-
tive Z-score for three of the protein structures (EIIB, DinI,
LM5-1) determined using the Ramachandran database po-
tential term. Similar to water reﬁnement (11–13) other
WHATIF Z-scores improved with the Ramachandran data-
base potential term, but do not appear statistically diﬀerent
between the two reﬁnement methods.
3.2. Analysis of the dipolar R-factors
The question posed is whether the improvement in Rama-
chandran statistics corresponds to an improvement to the
accuracy of the determined structure. To investigate this exper-Table 5
Structure accuracy and quality check for LM5-1
RAMA
Accuracy analysis
Rdip (%)
Ca–C 30.18 ± 1.75
N–C 42.98 ± 3.45
Ha–Ca 40.88 ± 2.45
HN–C 45.99 ± 2.73
HN–N 42.96 ± 2.78
All 42.39 ± 1.84
WHATIF Z-scores
Second generation packing quality 5.4 ± 0.4
Ramachandran plot appearance 0.8 ± 0.1
v1/v2 Rotamer normality 0.8 ± 0.1
Backbone conformation 1.1 ± 0.7
PROCHECK results (%)
Most favoured regions 67.1 ± 3.4
Allowed regions 32.3 ± 3.6
Generously allowed regions 0.6 ± 0.9
Disallowed regions 0.0
Precision NMR ensemble
Backbone RMSD (A˚) 4.89 ± 1.11
Well-ordered RMSD (A˚)b 0.44 ± 0.11
Backbone RMSD to -RAMA (A˚) n/a
Well-ordered RMSD to -RAMA (A˚) n/a
aDIH = dihedral angle energy term.
bResidues 20–78.imental and back-calculated RDC data were compared by cal-
culating Rdip (Eq. (1)) for the structures determined with and
without the RAMA potential. In this way the RDCs are an
independent measure of the accuracy of the structure determi-
nation. The data in Tables 1–5 show that the inclusion of the
RAMA potential results in a signiﬁcant improvement of the ﬁt
of the experimental RDC data to the structure of all the pro-
teins investigated. The exception to this general trend in
decreasing Rdip is for
1DCaC0 and
1DCaH of the LM5-1 FYVE
domain, where a statistically signiﬁcant and an insigniﬁcant in-
crease is observed for the Rdip, respectively and a surprisingly
signiﬁcant increase observed for 2DHNC0 of ubiquitin in bicelles.
However, the overall Rdip for the combined sets is still signiﬁ-
cantly decreased for both of these proteins when structures are
calculated using the RAMA potential.
The largest decreases in Rdip occur for
1DNH,
1DNC,
2DHNC
and 1DCaC0 with the exception of
2DHN0 of ubiquitin (bicelles)
and 1DCaC0 of LM5-1. The overall decrease is statistically sig-
niﬁcant in the majority of cases, particularly for 1DNH and
1DNC. This improvement is not surprising considering the lar-
ger eﬀect of the RAMA potential on the atoms involved in the
peptide bond. Notably, for ubiquitin there is only a modest
improvement in the overall Ramachandran statistics, but there
is still a general improvement in Rdip indicating that the inclu-
sion of RAMA results in an increase in accuracy of the struc-
tures.
3.3. Comparison of the Ramachandran database potential with
reﬁnement in explicit solvent
Previous work has shown that the accuracy of ubiquitin
structures calculated from NMR data is improved when re-
ﬁned using water reﬁnement protocols [11,12]. Using a number+RAMA Water-reﬁnementa
DIH +DIH
34.08 ± 2.11 30.49 ± 3.93 30.83 ± 3.06
38.33 ± 3.63 39.32 ± 3.82 39.19 ± 4.05
41.54 ± 2.52 37.63 ± 4.15 37.61 ± 3.82
43.41 ± 2.32 40.51 ± 3.55 40.31 ± 3.07
39.11 ± 2.68 36.41 ± 2.73 36.58 ± 2.62
40.30 ± 1.89 38.66 ± 2.13 38.69 ± 2.10
4.1 ± 0.3 4.0 ± 0.5 3.9 ± 0.5
0.1 ± 0.1 0.5 ± 0.1 0.5 ± 0.1
0.1 ± 0.1 0.9 ± 0.1 0.7 + 0.1
0.6 ± 0.5 0.9 ± 0.7 1.0 ± 0.7
87.4 ± 2.7 79.8 ± 3.3 81.4 ± 3.3
11.2 ± 3.0 19.9 ± 3.3 18.1 ± 3.0
1.4 ± 0.9 0.4 ± 0.6 0.4 ± 0.8
0.0 0.0 0.1 ± 0.3
4.29 ± 1.46 4.61 ± 0.96 4.64 ± 1.03
0.36 ± 0.15 0.59 ± 0.15 0.57 ± 0.14
2.76 1.18 1.15
0.52 0.57 0.56
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were able to compare the accuracy of structures determined
using the RAMA potential with those reﬁned in an explicit
layer of solvent.
An improvement in the ﬁt of RDC data to structures calcu-
lated using the RAMA potential or an additional water-reﬁne-
ment step is observed in almost every case as a decrease in Rdip
(Tables 1–5). The water-reﬁned structures yield slightly better
statistics than those determined using RAMA, with the excep-
tion of EIIB and KH3 where the RAMA potential yields lower
values of Rdip. Both the RAMA potential and water-reﬁne-
ment signiﬁcantly improve the coordinate accuracy of protein
structures determined from NOE and torsion angle data to a
similar extent.
The WHATIF statistics are improved for both the struc-
tures calculated using RAMA and for the water-reﬁnement
(Tables 1–5). Packing quality, v1–v2 rotamer normality and
the backbone conformation Z-scores are all moved closer
to the database average used by WHATIF for validation,
indicating that the quality of the structures is increased.
The v1–v2 rotamer normality Z-score is ‘‘better than the aver-
age’’ for structures determined with RAMA in all cases. The
positional backbone RMSDs between the average coordi-
nates of the reﬁned structures and a reference structure from
the PDB (see Section 2.5) are most improved for the water-
reﬁned structures, with the exception of KH3 (where inclu-
sion of the RAMA potential yields a closer agreement with
the reference structure).
The use of an empirically derived potential of mean force
in the determination of protein structures by NMR can be
validated by independent assessment of the agreement of gen-
erated structures with experimental data. In this study multi-
ple sets of measured RDCs were used to show that a
statistically signiﬁcant improvement in the accuracy of struc-
tures is achieved through the inclusion of a Ramachandran
database (RAMA) potential in the reﬁnement protocol, using
the program Xplor-NIH, and that the quality of these struc-
tures is comparable to those additionally reﬁned in explicit
solvent. Inclusion of this empirically derived potential of
mean force not only generates structures with improved
Ramachandran, packing and conformational statistics but
its use signiﬁcantly improves the accuracy of solution struc-
tures.Acknowledgements: The authors thank Jens Linge and Michael Nilges
for providing the water-reﬁnement scripts for Xplor-NIH, Dr. James
Swarbrick for preparation of the PF1 bacteriophage, Andrew Perry
and Edward dAuvergne for stimulating discussions.References
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